Introduction
============

Newcastle disease virus (NDV) is recognized as a highly infectious and fatal disease virus that affects many domestic and wild avian species \[[@B1]\]. Its entire genome consists of 15,186 nucleotides, with six structural genes in the order of 3\'-NP-P-M-F-HN-L-5\' that encode at least seven proteins \[[@B9][@B15]\]. The fusion (F) protein, which is the most immunogenic protein of the virus, plays important role in the beginning of infection by mediating fusion of the virus onto the host cell membrane and enabling viral entry into the cell membrane \[[@B1]\]. The hemagglutinin-neuraminidase (HN) protein is a multifunctional glycoprotein that plays important roles in virus attachment and fusion promotion activities \[[@B1]\]. The HN and F proteins produce virus neutralizing antibody responses and are the protective antigens \[[@B3][@B4]\]. The HN and F proteins are the main targets for immune response to NDV \[[@B13]\]. Vaccination programs for chickens usually consist of inactivated vaccines and/or live vaccines. Unfortunately, passive immunity is temporary and variable. Furthermore, vaccination with inactivated vaccines is time consuming, labor intensive, expensive, and often inaccurate.

DNA vaccination offers the same broad immunologic advantages as immunization with live, attenuated microorganisms, without the accompanying safety concerns. These vaccines have been shown to stimulate both humoral and cell-mediated immunity to the viral and bacterial pathogens that required both kinds of immune responses for protection \[[@B7]\]. Such vaccines have been studied for immunization against NDV strains. For example, Sakaguchi et al. \[[@B23]\] reported up to 40% protection against NDV using a single vaccination with the linearized NDV F gene; however, no protection was observed in response to the circular DNA plasmid expressing the F gene. In another study, Loke et al. \[[@B10]\] found high antibody titer with 50% protection after immunization with both linearized and circular plasmids expressing the F gene. Previous reports suggested that both F and HN glycoproteins interact with one another to promote fusion activity, and it is believed that immunization with a DNA plasmid encoding both proteins might induce an immune response to a broader spectrum of epitopes \[[@B25]\]. Therefore, the present study was conducted to investigate the induction of chicken immune response after immunization with three newly developed DNA vaccines encoding F, HN or both HN and F genes and boosted with inactivated NDV vaccine. The immunogenicity of these constructed DNA vaccines after one and two vaccinations was also investigated.

Materials and Methods
=====================

Virus and viral RNA isolation
-----------------------------

The AF2240 strain of NDV was propagated in the allantoic cavities of 10-day-old specific-pathogen-free (SPF) embryonated chicken eggs. Viral RNA was extracted from the allantoic fluid of the infected eggs 72 h post-inoculation using Trizol reagent. The purity and the concentration of the extracted RNA was determined based on the absorbance values at 260 and 280 nm.

Amplification of the viral genes HN and F
-----------------------------------------

The HN and F genes were amplified by reverse transcription polymerase chain reaction (RT-PCR) using the SuperScript III One-Step RT-PCR System with Platinum Taq High Fidelity kit (Invitrogen, USA) with the HN-specific primers 5\'CAGTCGACGTCATGGGGAACCAGGCCTCACAA3\' and 5\'GAGCGGCCGCCCTATTGACAAGAATTCAGGCCAT3\' and the F-specific primers 5\'AATTCGGCTAGCACCATGG GCTCCAAGTCTT3\' and 5\'GGCACGCGTCTAGCTGCCA GAATTGACGCGCA3\'. The primers were designed according to the published sequences of the genes (accession Nos. X79092 and AF048763, respectively). After reverse transcription at 45℃ for 45 min and an initial denaturation step at 94℃ for 3 min, PCR was conducted by subjecting the samples to 35 cycles of 30s at 94℃, 30s at 64℃ and 2 min at 72℃, followed by a final elongation step at 72℃ for 10 min.

Construction of DNA vaccines
----------------------------

The amplified fragments of the HN and F genes were inserted separately into the co-expression vector pIRES (Clontech, USA) to construct the DNA plasmids, pIRES-HN and pIRES-F, respectively. To construct the pIRES-F/HN plasmid, the HN and F genes were cloned into the *Sal*I and *Not*I, and *Nhe*I and *Mlu*I sites of the vector, respectively. After transformation into *Escherichia coli* Top10 and selection on LB agar containing 50 µg/mL penicillin, the recombinant plasmids were extracted and subjected to double-stranded sequencing to verify the sequence and the correct orientation of the inserts. The constructs were purified using an endotoxin-free plasmid extraction kit and then resuspended in sterile endotoxin-free PBS.

*In vitro* expression analysis of the DNA plasmids
--------------------------------------------------

The Vero cells were transfected with the constructs or the parental plasmid as a negative control using Lipofectamine LTX with Plus Reagent (Invitrogen) according to the manufacturer\'s instructions. The cells were tested for gene expression by Western blotting and indirect immunofluorescence.

Western blotting
----------------

Forty-eight hours post-transfection, the Vero cells were also tested by Western blot analysis using anti-NDV AF2240 polyclonal antibody raised in chicken as primary antibody and goat anti-chicken Ig Y conjugated to alkaline phosphatase (Abcam, USA) as secondary antibody.

Indirect immunofluorescence
---------------------------

The expression of the recombinant proteins was also studied by immunofluorescence tests as previously described \[[@B22]\], with some modifications \[[@B11][@B12]\]. Briefly, the cells were washed with 1× phosphate-buffered-saline (PBS; pH 7.4) 48 h posttransfection, then fixed with 100% cold acetone for 10 min. Following three washes with 1× PBS, cells transfected with the pIRES/HN and pIRES/F plasmids were treated with chicken anti-NDV polyclonal antibody (Abcam), after which the cells transfected with the pIRES-F/HN plasmid were treated with anti-HN and anti-F monoclonal antibody for 1 h at RT. The cells were then washed again, after which they were overlaid with goat anti-chicken and a secondary fluorescein isothiocyanate (FITC)-labeled anti-chicken antibody (KPL, USA). Next, samples were washed twice with 1× PBS, then observed under an inverted fluorescence microscope.

DNA immunization of SPF chickens
--------------------------------

Two-week-old SPF chickens were randomly divided into eleven different groups with 12 chickens in each group. Chickens were immunized via intramuscular injection of the plasmids into the pectoral muscle. The groups were subsequently vaccinated according to the following programs: group 1 with pIRES-F (50 µg pDNA); group 2 with pIRES-HN (50 µg pDNA); group 3 with pIRES-F/HN (100 µg pDNA); group 4 with pIRES-HN+pIRES-F (50 µg each pDNA); group 5 with pIRES-F (50 µg pDNA) + inactivated vaccine; group 6 with pIRES-HN (50 µg pDNA) + inactivated vaccine; group 7 with pIRES-F/HN (100 µg pDNA) + inactivated vaccine; group 8 with pIRES-F +pIRES-HN (50 µg each pDNA)+ inactivated vaccine; group 9 with pIRES (50 µg pDNA)+ inactivated vaccine; group 10 with inactivated vaccine alone and the last group was vaccinated with pIRES alone. All boosted groups were inoculated with 50 U of an inactivated NDV vaccine (Razi Institute, Iran) in Freund\'s Incomplete Adjuvant (FIA) at 30 days of age. Blood was collected from the wing vein of the chickens before and after vaccination for three weeks. Collected sera were stored at -20℃ for serological analysis.

Enzyme-linked immunosorbent assay (ELISA)
-----------------------------------------

Anti-NDV antibody titer was determined in the serum samples using an IDEXX indirect ELISA Kit (IDEXX Laboratories, USA) according to the manufacturer\'s protocols.

Statistical analysis
--------------------

The data were analyzed by a t-test and statistical significance was set at *p* ≤ 0.05. The results were expressed as the means ± standard error of the mean (SEM). All analyses were carried out using Minitab 15 and Microsoft Excel 2010 (Microsoft, USA).

Results
=======

DNA vaccines
------------

DNA vaccines (pIRES-HN, pIRES-F and pIRES-F/HN) were constructed to express the HN and F genes of NDV strain AF2240 separately or synchronously. The constructs are shown in [Fig. 1](#F1){ref-type="fig"}.

*In vitro* expression of viral genes
------------------------------------

Western blot analysis confirmed the expression of the viral proteins in cells transfected with the recombinant plasmids. The HN protein (\~74 kDa) was detected in cells transfected with pIRES-F/HN or pIRES-HN ([Fig. 2](#F2){ref-type="fig"}). The NDV F protein was synthesized as a precursor, F0 protein. The glycosylated F0 protein migrates with an apparent molecular size of 64 KDa under nonreducing conditions or 66 under reducing conditions. The F protein must be cleaved to the mature F1+F2 form in order to function properly. However, the cleavage products, F1 polypeptide (55 kDa) and F2 polypeptide (12 kDa), remain linked by a disulfide bond \[[@B14]\].

An immunofluorescence test also showed the expression of the viral proteins. As shown in [Fig. 3](#F3){ref-type="fig"}, cells transfected with the recombinant plasmids were observed by bright cytoplasmic green fluorescence, while no reaction was detected in the cells transfected with the parental plasmid.

NDV antibody response
---------------------

ELISA antibody titer was evaluated at a serum dilution of 1 : 500 using an IDEXX ELISA kit (IDEXX Laboratories). The positive control mean was 0.165 and the negative control mean was 0.046. The S/P ratios calculated for each sample were as follow ([Fig. 4](#F4){ref-type="fig"}): $${S/P}\text{ratio} = \frac{\text{sample\ mean\ (mean\ of\ optical\ absorbance)} - \text{negative\ control\ mean}}{\text{positive\ control\ mean} - \text{negative\ control\ mean}}$$

All chickens vaccinated with pIRES/F/HN and pIRES/HN+ pIRES/F at 1, 2 and 3 weeks post DNA vaccination showed higher antibody responses than the control group ([Fig. 4](#F4){ref-type="fig"}). At three weeks post vaccination, a significant increase (*p* \< 0.05) in antibody response was detected in chickens vaccinated with the DNA plasmids and boosted two weeks later with the inactivated vaccine compared with non-boosted groups. The S/P ratio of ELISA titers in SPF chicken immunized with the inactivated vaccine alone was significantly lower (*p* \< 0.05) than that of chickens immunized with pIRES/HN+pIRES/F and the pIRES/F/HN group boosted with inactivated vaccine at one week post booster.

Discussion
==========

Arora et al. \[[@B2]\] showed that immunization of chickens with NDV/HN+NDV/F viral proteins induced 73% protection against NDV challenge experiments, whereas 20% and 66% of chickens immunized with NDV/HN and NDV/F alone were protected against NDV challenge, respectively. However, 80% of chickens immunized with the whole virus vaccine survived on challenge \[[@B2]\]. Our findings are in line with those of earlier reports demonstrating that the presence of both HN and F antigen enable induction of the immune system better than HN or F alone \[[@B17]\].

Antibody titer in chickens immunized with pIRES/F plasmids at one week post-booster was higher (*p* \< 0.05) than in chickens immunized with pIRES/HN ([Fig. 4](#F4){ref-type="fig"}). These results may indicate greater immunogenicity of the NDV F gene than the NDV HN gene. The F gene is known to make a much greater contribution to NDV virulence than other genes \[[@B6]\].

Conversely, the higher antibodies titer developed in response to pIRES/F (the F gene inserted to site A of pIRES) than pIRES/HN (the HN gene inserted site to B of pIRES) may be related to the efficacy of pIRES plasmid. There is a cytomegalovirus promoter in pIRES plasmid that induced nuclear transcription from capped bicistronic mRNA which made with pIRES plasmid. In the present study the HN gene was inserted to B segment of multiple cloning site. In the B cistron, translation is down to the more modest level of the A cistron \[[@B19]\]. The results of the present study showed a low HN antibody titer than F antibody titer which was inserted to A cistron of pIRES. This low level of antibody can be considered in low translation gene due to down translation of B cistron site.

The highest Ab titers were detected in chickens vaccinated with pIRES/F/HN and then boosted with the inactivated vaccine. These results indicate that co-expression of HN and the F gene can enhance humoral responses to the virus and therefore be used to improve the efficiency of the inactivated vaccine. It is believed that F and HN glycoproteins interact with one another to promote fusion activity \[[@B25]\]; accordingly, immunization with the DNA plasmid co-expressing the genes or co-administration of both of the plasmid constructs expressing the F and HN proteins would be more effective than either component alone. Previous studies have also shown that co-expression of the both F and HN genes more effectively induces immune response to NDV \[[@B5][@B10]\]. However, the result of a previous study indicated that a bivalent pIRES plasmid containing both HN and F genes of NDV induced lower IFN-γ and cell-mediated immunity (CMI) responses than constructs containing single genes in maternal antibody-positive commercial chickens \[[@B18]\]. Both CMI and humoral response are thought to play a primary role against NDV infection in chickens \[[@B20][@B21]\], although a recent study indicated that protection efficacy of a NDV DNA vaccine is more closely related to humoral immune response than CMI \[[@B5]\].

The efficacy of the DNA vaccines may be improved if they are applied together with plasmids expressing cytokines and/or costimulatory molecules \[[@B5][@B24]\]. Other approaches such as microencapsulation or association of the DNA plasmids nanoparticles can also be used to improve gene delivery and gene transfection *in vivo*, resulting in higher immune response \[[@B8][@B16]\].

In conclusion, the results of the present study also indicate that co-expressing the HN and F gene of NDV can induce immune response to the virus and improve efficiency of the available inactivated vaccine. The findings presented herein will provide further information regarding the potential value of DNA vaccines to NDV infection.
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![Map of the DNA vaccines. The DNA plasmids were constructed by cloning the fusion (F) gene into the *Nhe*I and *MluI\\*I sites and the hemagglutinin-neuraminidase (HN) gene into *Sal*I and *Not*I of the expression vector pIRES.](jvs-17-21-g001){#F1}

![Western blot analysis. Vero cells were transfected with the constructs; 48 h post-transfection, gene expression was evaluated by Western blot analysis. (A) M, protein ladder; Lines 1--2, immunoblotting for the cells transfected with pIRES-F/HN, co-transfected with the DNA plasmids pIRES-HN and pIRES-F; Line 3, cells transfected with pIRES-F; Line 4, control cells transfected with the parental plasmid. (B) M, protein ladder; 1, immunoblotting of the cells transfected with virus as a positive control; Lines 2--3, cells transfected with pIRES-HN; Line 4, control cells transfected with the parental plasmid.](jvs-17-21-g002){#F2}

![Indirect immunofluorescence test. At 48 h post-transfection, vero cells transfected with pIRES-HN (B), pIRES-F (C), pIRES-F/HN (D) and/or the empty plasmid (A) as a negative control. Cells transfected with pIRES/HN and pIRES/F were treated with chicken anti-NDV polyclonal antibody, while cells transfected with pIRES-F/HN were treated with anti-HN and anti-F monoclonal antibody as the primary antibodies. Acll cells were then treated with FITC-conjugated goat anti chicken IgY as a secondary antibody. The cells were observed under the 20× objective of an inverted fluorescence microscope.](jvs-17-21-g003){#F3}

![S/P ratio column chart with SD bars per week as determined by ELISA. The error bars show the standard deviation of the means. Group 1, pIRES-F; Group 2, pIRES-HN; Group 3, pIRES-HN/F; Group 4, pIRES-HN+pIRES-F; Group 5, pIRES-F+inactivated vaccine; Group 6, pIRES-HN+inactivated vaccine; Group 7, pIRES-F/HN+inactivated vaccine; Group 8, pIRES-HN+pIRES-F+inactivated vaccine; Group 9, pIRES+ inactivated vaccine; Group 10, inactivated vaccine; Group 11, pIRES.](jvs-17-21-g004){#F4}
